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ABSTRACT: The two major endocannabinoid transmitters,
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), are
degraded by distinct enzymes in the nervous system, fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL),
respectively. FAAH and MAGL inhibitors cause elevations in
brain AEA and 2-AG levels, respectively, and reduce pain, anxiety,
and depression in rodents without causing the full spectrum of
psychotropic behavioral effects observed with direct cannabinoid
receptor-1 (CB1) agonists. These findings have inspired the
development of several classes of endocannabinoid hydrolase inhibitors, most of which have been optimized to show specificity
for either FAAH or MAGL or, in certain cases, equipotent activity for both enzymes. Here, we investigate an unusual class of O-
hydroxyacetamide carbamate inhibitors and find that individual compounds from this class can serve as selective FAAH or dual
FAAH/MAGL inhibitors in vivo across a dose range (0.125−12.5 mg kg−1) suitable for behavioral studies. Competitive and click
chemistry activity-based protein profiling confirmed that the O-hydroxyacetamide carbamate SA-57 is remarkably selective for
FAAH and MAGL in vivo, targeting only one other enzyme in brain, the additional 2-AG hydrolase ABHD6. These data
designate O-hydroxyacetamide carbamates as a versatile chemotype for creating endocannabinoid hydrolase inhibitors that
display excellent in vivo activity and tunable selectivity for FAAH-anandamide versus MAGL (and ABHD6)-2-AG pathways.
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The endocannabinoid (EC) signaling system regulates a
wide range of physiological functions, including mood,

appetite, pain sensation, inflammation, locomotion, and
memory.1−5 The EC system consists of two endogenous lipid
transmitters, N-arachidonoyl ethanolamine or anandamide
(AEA) and 2-arachidonoylglycerol (2-AG), their cognate G-
protein coupled receptors, CB1 and CB2, and the enzymes
responsible for AEA and 2-AG biosynthesis and degradation.
The CB1 and CB2 receptors are also the sites of action for Δ9-
tetrahydrocannabinol (THC), the principal psychoactive
component of marijuana.5 THC and other direct CB agonists
have demonstrated clinical utility for the treatment of pain,
sleep, and other nervous system disorders, but also produce
undesirable neurological side effects that include weight gain,
disruptions in motor control, and cognitive impairment. The
pleiotropic nature of the EC system suggests that such side
effects may be an inherent liability of direct agonists that
globally activate CB1 receptors throughout the organism.
An alternative and potentially more selective strategy to

harness the clinical potential of the EC system would be to
block the enzymes that terminate AEA and 2-AG signaling in
vivo.6,7 Such EC degradation inhibitors might potentiate EC
signaling in specific neural circuits to produce a therapeutically
useful subset of the behavioral effects caused by direct CB1
agonists. Preclinical studies with selective FAAH inhibitors have
provided support for this model, as these agents produce

analgesic,8−14 anti-inflammatory,15−17 anxiolytic,12,18,19 and
antidepressant18,20 effects in the absence of motor or cognitive
impairment. A similar pattern of phenotypes is observed in
FAAH−/− mice.8,11 Selective MAGL inhibitors, such as the
carbamate JZL184, have only recently been developed21,22 and
are therefore less well-studied, but appear to produce a broader
array of cannabinoid effects in rodents that nonetheless still
avoid the psychotropic activity of direct CB1 agonists.23

Complete pharmacologic or genetic blockade of MAGL for
extended periods of time also leads to behavioral tolerance and
desensitization of brain CB1 receptors,24 but these adaptations
can be avoided with lower doses of JZL184 that produce
chronic, partial inhibition of MAGL.25,26 Collectively, these
studies suggest that selective FAAH or MAGL inhibitors have
the potential to produce the desired analgesic and anxiolytic/
antidepressant effects of direct CB1 agonists while avoiding
their major psychotropic side effects.
FAAH inhibitors fall into two major classes: reversible and

irreversible (Figure 1).2,27−29 Although several highly potent
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and selective reversible FAAH inhibitors have been developed
(e.g., OL-1359), sustained elevation of AEA in vivo has only
been achieved with a handful of these agents. Many additional
classes of irreversible FAAH inhibitors have been described;
however, honing the selectivity of irreversible inhibitors toward
FAAH and away from over 200 human serine hydrolase off-
targets presents a formidable challenge. Despite this obstacle,
potent and selective irreversible FAAH inhibitors have been
developed and are currently under clinical investigation (e.g.,
PF-04457845, or PF-7845, Pfizer; Figure 1).30,31 These agents
are carbamates and ureas, which inactivate FAAH through
carbamoylation of catalytic Ser241.32−36 Although the essential
feature of these inhibitors is an electrophilic carbonyl group,
potency and selectivity is also dependent on the initial
noncovalent binding event.37

A broad survey of the most potent and selective carbamate
and urea FAAH inhibitors reveals that they almost exclusively
contain O-aryl or N-aryl leaving groups,27,28 which might, by
itself, suggest a minimal requirement for reactivity. One notable
exception is a class of O-hydroxyacetamide carbamates
originally disclosed in patents filed by Sanofi-Aventis.28,38

Beyond their structural novelty, the absence of published
pharmacological data on these compounds motivated us to
investigate the O-hydroxyacetamide carbamate chemotype. In
doing so, we have found that one of these agents, SA-57
(Figure 1), is a remarkably potent FAAH inhibitor with in vivo
efficacy at doses as low as 0.05 mg kg−1. We further determined
by competitive activity-based protein profiling (ABPP)39 that
SA-57 also inhibits the 2-AG hydrolases MAGL and ABHD6,

but not other brain serine hydrolases, at doses within 25-fold of
that required for FAAH inhibition. These findings thus
designate the O-hydroxyacetamide carbamate as a privileged
chemotype for designing inhibitors that show excellent in vivo
activity and tunable selectivity for endocannabinoid hydrolases.

■ RESULTS AND DISCUSSION

Synthesis of SA-57 and SA-57yne. SA-57 was prepared
according to Scheme 1. Commercially available 4-(4-
chlorophenethyl)piperidine (2) was acylated with methyl 2-
((phenoxycarbonyl)oxy)acetate (1) to give carbamate 3, which
was treated with methylamine to provide SA-57. We also
prepared a clickable analogue of SA-57, SA-57yne, in order to
facilitate in vivo analyses of selectivity (see below). SA-57yne
was accessible in two steps from SA-57 using Sonogashira
cross-coupling conditions40 with triethylsilylacetylene and
subsequent removal of the triethylsilyl group with TBAF.

In Vitro Characterization of SA-57 as an Endocanna-
binoid Hydrolase Inhibitor. We first evaluated SA-57 for its
activity against serine hydrolases in the mouse brain membrane
proteome by competitive-ABPP.39 In this method, proteomes
are first treated with an inhibitor and then the general serine
hydrolase activity-based probe fluorophosphonate-rhodamine
(FP-Rh).41,42 Reductions in FP-Rh labeling identify serine
hydrolases that are sensitive to the test inhibitor. Competitive
ABPP revealed that SA-57 is a highly potent inhibitor of FAAH
with an IC50 < 10 nM (Figure 2). At higher concentrations (10
μM), SA-57 also inhibited two additional brain serine
hydrolases, the 2-AG-metabolizing enzymes MAGL and

Figure 1. Representative structures of reversible and irreversible FAAH inhibitors.

Scheme 1. Synthesis of SA-57 and SA-57ynea

a(a) DIEA, DMSO, 60 °C; (b) 2 M MeNH2 in THF, DMSO; (c) triethylsilylacetylene, PdCl2(CH3CN)2, X-Phos, CH3CN, 85 °C; (d) TBAF, THF,
0 °C.
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ABHD6.43,44 For comparison, we also evaluated the urea PF-
7845, which, consistent with previous reports,30,31 potently
(IC50 < 10 nM) and selectively inactivated FAAH.
We next confirmed the activity of SA-57 toward human and

mouse FAAH, MAGL, and ABHD6 orthologues assayed as
recombinantly expressed proteins in transfected HEK293 cell
proteomes by competitive ABPP (Figure 3). Both human and
mouse FAAH enzymes were equipotently inhibited by SA-57
with IC50 values of 1−3 nM. Similar IC50 values were obtained

for PF-7845. We should note that these IC50 values may
approach the concentration of FAAH enzymes in the assayed
proteomes and therefore represent lower limits of potency for
SA-57 and PF-7845. At higher concentrations, SA-57, but not
PF-7845, also inhibited mouse (IC50 = 410 nM) and human
(IC50 = 1.4 μM) MAGL. Human and mouse ABHD6 share
>90% sequence identity, and therefore, we only evaluated the
mouse orthologue of this enzyme, which was inhibited by SA-
57 (IC50 = 850 nM) but not by PF-7845 (Figure 3c).
O-Aryl carbamate and N-aryl urea inhibitors have been

shown to irreversibly inhibit FAAH by carbamylation of the
enzyme’s serine nucleophile.32−36 A feature of such irreversible
inhibitors is the time-dependent inactivation of FAAH.45 To
test whether SA-57 also acted through an irreversible
mechanism, we determined the extent of endocannabinoid
hydrolase inhibition at 10 min intervals over a 40 min reaction
period by competitive ABPP. SA-57, like the characterized
irreversible inhibitors PF-7845 and JZL184, exhibited clear
time-dependent inhibition of FAAH and MAGL (Figure 4),
suggesting a covalent mechanism of inactivation, presumably
through carbamylation of the active site serine nucleophiles of
these enzymes.

In Vivo Characterization of SA-57 as an Endocanna-
binoid Hydrolase Inhibitor. We next determined whether
SA-57 could inhibit endocannabinoid hydrolases in vivo.
C57Bl/6 mice were treated with a dose range (0.01−12.5 mg
kg−1, i.p.) of SA-57 or PF-7845 for 2 h and then sacrificed, and
their brain proteomes analyzed by competitive ABPP in
comparison to brain proteomes from vehicle-treated control
mice (Figure 5). PF-7845 and SA-57 showed overlapping, but
distinct dose-responsive activity against brain serine hydrolases.
Consistent with previous studies,30,31 PF-7845 completely
inhibited brain FAAH at doses as low as 0.05 mg kg−1. SA-57
also partially inhibited FAAH at this dose, but required higher

Figure 2. Concentration dependent, in vitro competitive ABPP
analysis of PF-7845 and SA-57 in the mouse brain membrane
proteome using the serine hydrolase-directed probe FP-Rh. PF-7845
selectively blocks FP-Rh labeling of FAAH across the full inhibitor
concentration range tested, whereas SA-57 selectively blocks labeling
of FAAH at lower concentrations (10 nM to 1 μM), but also inhibits
MAGL and ABHD6 at higher concentrations (10 μM).

Figure 3. Concentration dependent, in vitro competitive ABPP analysis of PF-7845 and SA-57 against recombinant human and mouse FAAH,
MAGL, and ABHD6 enzymes expressed by transient transfection in HEK293 cells. Inhibitory activity against (a) mFAAH, (b) hFAAH, and (c)
mMAGL, hMAGL, and mABHD6.
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doses (≥1.25 mg kg−1) to inactivate >95% of FAAH activity. As
predicted from our in vitro competitive ABPP studies, SA-57,
but not PF-7845, also inhibited MAGL and ABHD6 in vivo,
with ∼50% reductions in these enzyme activities being
observed at the 1.25 mg kg−1 dose of SA-57 and near complete
blockade at a dose of 12.5 mg kg−1. Other brain serine
hydrolases were not affected by SA-57, indicating that it is a
selective inhibitor of the endocannabinoid hydrolases FAAH,
MAGL, and ABHD6.

A Clickable Probe to Directly Evaluate SA-57-
Modified Proteins in Vivo. While our competitive ABPP
studies suggested that SA-57 selectively inactivates endocanna-
binoid hydrolases, these experiments only evaluated enzymes
from the serine hydrolase class and therefore could miss
additional targets of SA-57 that belong to different protein
classes. Click chemistry-ABPP (CC-ABPP)46−49 can address
this question by directly detecting proteins that are covalently
modified by a small-molecule. CC-ABPP involves treating
biological models with an alkyne analogue of the inhibitor of
interest and then subjecting proteomes from these models to
rhodamine-azide (Rh−N3) under copper-catalyzed azide−
alkyne cycloaddition (“click chemistry”) conditions47 to
fluorescently label inhibitor−modified proteins. Clickable
analogues of PF-7845 and SA-57 (PF-7845yne and SA-57yne,
respectively) were prepared and first analyzed in mouse brain
proteome to assess their target profiles by competitive-ABPP
(Figure 6). The clickable probes showed similar potencies and
selectivity profiles compared to their nonclickable parent
inhibitors in competitive ABPP experiments (compare Figures
2 and 6). We therefore next evaluated the direct targets of PF-
7845yne and SA-57yne in mice.
C57Bl/6 mice were treated with a dose range of PF-7845yne

and SA-57yne (0.01−12.5 mg kg−1, i.p.) for 2 h and then
sacrificed and their brain proteomes analyzed by competitive
and CC-ABPP (Figure 7). The competitive ABPP profiles for
each alkyne probe (Figure 7a and b) correlated well with their
parent inhibitors (Figure 4), with PF-7845yne selectively
inactivating FAAH at doses as low as 0.05 mg kg−1 and SA-
57yne showing preferential activity against FAAH at low doses
(0.05−0.25 mg kg−1) and cross-reactivity with MAGL and
ABHD6 at higher doses (1.25−12.5 mg kg−1). CC-ABPP
confirmed that PF-7845yne displayed complete selectivity
toward FAAH in mouse brain proteomes, as previously
reported (Figure 7).31 Consistent with our competitive ABPP
analyses, the CC-ABPP profile for SA-57yne revealed direct
labeling of FAAH, MAGL, and ABHD6. Interestingly, partial
labeling of MAGL and ABHD6 could be detected at doses of
SA-57yne as low as 0.25 mg kg−1, suggesting that this agent
begins to inactivate 2-AG hydrolases at doses that are required
to completely inactivate FAAH. CC-ABPP did not reveal any
other major off-targets for SA-57yne with the exception of a
faint 70 kDa protein in soluble mouse brain at doses of 6.25−
12.5 mg kg−1. This enzyme likely represents the carboxylester-
ase ES-1, a common off-target of carbamates22,32,50,51 that
originates from contaminating blood52 in the brain proteome
samples. Considering that ES-1 signals were not noticeably
depleted by SA-57yne in our competitive ABPP experiments
(Figure 7b), we conclude that this inhibitor only partially
inactivates ES-1 at high doses.

Brain Endocannabinoid Levels in Mice Treated with
SA-57 and PF-7845. Based on our competitive and CC-ABPP
data, we wondered whether SA-57, at low doses, could
selectively elevate brain AEA and, at higher doses, increase

Figure 4. Time-dependent inhibition of mouse FAAH (a) and MAGL
(b) enzymes by PF-7845, SA-57, and JZL184 as determined by
competitive ABPP.

Figure 5. Competitive ABPP of brain serine hydrolase activities from
mice treated with PF-7845 (a) and SA-57 (b) at the indicated doses
(0.01−12.5 mg kg−1, i.p.) for 2 h.
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both AEA and 2-AG. We tested this hypothesis by measuring
the levels of endocannabinoids and related lipids in brain tissue
from mice treated with a dose range (0.125−12.5 mg kg−1, i.p.)
of SA-57, PF-7845, or vehicle (Figure 8). Both inhibitors were
found to elevate the FAAH substrates AEA, PEA, and OEA by
∼10-fold across the entire tested dose-range. SA-57, but not
PF-7845, also increased brain 2-AG by 3- and >10-fold at doses
of 1.25 and 12.5 mg kg−1, respectively. These data are
consistent with our competitive ABPP experiments, which
revealed partial and near-complete inhibition of MAGL (and
ABHD6) by SA-57 at doses of 1.25 and 12.5 mg kg−1,
respectively. Brain arachidonic acid levels were also significantly
decreased by SA-57 at 12.5 mg kg−1, as has been observed
before with the selective MAGL inhibitor JZL184.21,22 These
data, taken together, indicate that, across a relatively narrow

(∼10-fold) dose-range, SA-57 can act as either a selective
FAAH inhibitor or general endocannabinoid hydrolase
inhibitor in vivo.

Conclusion. We have found herein that the O-hydrox-
yacetamide carbamate SA-57 constitutes an unusual type of
endocannabinoid hydrolase inhibitor that shows selectivity for
FAAH at low concentrations and additional activity against the
2-AG hydrolases MAGL and ABHD6 at higher concentrations.
Previous dual FAAH-MAGL inhibitors, like JZL195,53 have
tended to show similar potencies for FAAH and MAGL. We
thus anticipate that SA-57 will provide a useful pharmacological
probe to investigate the behavioral effects of partial MAGL
inhibition on a backdrop of full FAAH blockade. We have
previously reported that complete and prolonged blockade of
MAGL, but not FAAH, causes behavioral tolerance associated

Figure 6. Structures (a) and in vitro competitive ABPP analysis (b) of PF-7845yne and SA-57yne in a mouse brain membrane proteome using a FP-
Rh probe.

Figure 7. Competitive ABPP (a and b) and CC-ABPP (c and d) analysis of brain proteomes from mice treated with clickable probes PF-7845yne (a
and c) and SA-57yne (b and d) at the indicated doses (0.01−12.5 mg kg−1, i.p.) for 2 h.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn200089j | ACS Chem. Neurosci. 2012, 3, 418−426422



with CB1 downregulation and desensitization.24 More recently,
partial, chronic blockade of MAGL has been shown to produce
sustained CB1-mediated behavioral effects in rodent anxiety
and pain models.25,26 Whether the magnitude of these effects
could be further increased (and sustained) by concurrent
FAAH blockade is worthy of future investigation. SA-57 offers
an appropriate polypharmacologic tool to explore the neuro-
behavioral effects of complete FAAH blockade in conjunction
with varying degrees of MAGL and ABHD6 inhibition.

■ METHODS
Materials. PF-7845 was prepared according to literature

precedent.30,54 Stock solutions of each inhibitor in dimethyl sulfoxide
(DMSO) were prepared to assess in vitro potency and selectivity data.
Fluorophosphonate-rhodamine (FP-Rh) was synthesized as previously
described.55 Silica gel chromatography was performed using the
appropriate size Teledyne-Isco RediSep prepacked silica filled
cartridges. High resolution mass spectrometry (HRMS) was carried
out using an Agilent (6220) LC-MS TOF instrument using (3.5 pH)
aqueous ammonium formate as mobile phase A1 and 50:50 methanol/
acetonitrile as mobile phase B1. Low resolution mass spectral data was
collected on a Micromass ADM atmospheric pressure chemical
ionization instrument (LRMS APCI). NMR spectra were generated on
a Varian 400 MHz or Varian 600 MHz instrument. Chemical shifts
were recorded in ppm relative to tetramethylsilane (TMS) with
multiplicities given as s (singlet), bs (broad singlet), d (doublet), t
(triplet), dt (doublet of triplets), q (quadruplet), qd (quadruplet of
doublets), m (multiplet). All target compounds were analyzed using
ultrahigh performance liquid chromatography/UV/evaporative light
scattering detection coupled to time-of-flight mass spectrometry
(UHPLC/UV/ELSD/TOFMS) and were found to be >95% pure.
The UHPLC was performed on a Waters ACQUITY UHPLC system
(Waters, Milford, MA), which was equipped with a binary solvent
delivery manager, column manager, and sample manager coupled to
ELSD and UV detectors (Waters, Milford, MA). Detection was
performed on a Waters LCT premier XE mass spectrometer (Waters,
Milford, MA). The instrument was fitted with an Acquity BEH
(bridged ethane hybrid) C18 column (30 mm × 2.1 mm, 1.7 μm
particle size, Waters, Milford, MA) operated at 60 °C.
Synthesis of SA-57 and SA-57yne. 2-Methoxy-2-oxoethyl 4-

(4-chlorophenethyl)piperidine-1-carboxylate (3). Methyl 2-
((phenoxycarbonyl)oxy)acetate (1.01 g, 4.80 mmol, 1.25
equiv), 4-(4-chlorophenethyl)piperidine (1.00 g, 3.84 mmol,

1.0 equiv), and diisopropylethylamine (0.84 mL, 4.80 mmol,
1.25 equiv) were combined in DMSO (5 mL) and heated to 80
°C for 24 h. The reaction was cooled to room temperature and
partitioned between EtOAc and water. The organic layer was
dried over MgSO4, filtered, and concentrated to a thick oil
which was purified by silica gel chromatography (5% EtOAc in
heptane to 100% EtOAc) to provide carbamate 3 as a thick
brown oil (1.22 g, 93%). 1H NMR (400 MHz, CDCl3) δ 1.14−
1.27 (m, 2H), 1.39−1.53 (m, 1 H), 1.53−1.61 (m, 2H), 1.74
(d, J = 12.1 Hz, 2H), 2.57−2.66 (m, 2H), 2.68−2.93 (m, 2H),
3.77 (s, 3 H), 4.17 (d, J = 12.1 Hz, 2H), 4.62 (s, 2H), 7.07−
7.13 (m, 2H), 7.23−7.27 (m, 2H); MS (APCI) M+ = 339.9.

2-(Methylamino)-2-oxoethyl 4-(4-chlorophenethyl)piperidine-1-
carboxylate (SA-57). To a solution of carbamate 3 (1.2 g, 3.5
mmol) in DMSO (15 mL) was added methylamine (17.7 mL of a 2 M
tetrahydrofuran (THF) solution, 35 mmol, 10 equiv). The reaction
vessel was sealed, and the solution was stirred at room temperature for
5 days. The reaction was partitioned between MTBE and water, and
the organic layer was dried over MgSO4, filtered, and concentrated.
The resulting residue was purified by silica gel chromatography
(EtOAc) to provide SA-57 as a white solid (0.989 g, 83%). 1H NMR
(400 MHz, CDCl3) δ 1.19 (qd, J = 12.3, 4.5 Hz, 2 H), 1.41−1.53 (m,
1 H), 1.54−1.62 (m, 2 H), 1.77 (d, J = 12.5 Hz, 2 H), 2.57−2.67 (m, 2
H), 2.70−2.86 (m, 2 H), 2.88 (d, J = 4.9 Hz, 3 H), 4.04−4.27 (m, 2
H), 4.52−4.69 (m, 2 H), 6.06 (bs, 1 H), 7.07−7.14 (m, 2 H), 7.23−
7.27 (m, 2 H); 13C NMR (100 MHz, CDCl3) δ 25.9, 31.7, 32.1, 32.2,
35.2, 38.0, 44.4, 64.2, 128.5, 129.6, 131.5, 140.6, 154.0, 168.7; MS
(APCI) M+ = 338.9.

2-(Methylamino)-2-oxoethyl 4-(4-((triethylsilyl)ethynyl)-
phenethyl)piperidine-1-carboxylate. SA-57 (590 mg, 1.74 mmol, 1
equiv), bis(acetonitrile)palladium(II) chloride (23 mg, 0.087 mmol,
0.05 equiv), X-Phos (85 mg, 0.174 mmol, 0.1 equiv), and Cs2CO3
(851 mg, 2.61 mmol, 1.5 equiv) were placed in a 50 mL round-bottom
flask. The vessel was evacuated and backfilled with N2 (3×).
Acetonitrile (10 mL) was added and the mixture stirred for 25 min
at room temperature. Triethylsilylacetylene (0.468 mL, 2.61 mmol, 1.5
equiv) was added to the mixture, and the reaction was heated to 85 °C
for 4 h and then stirred at room temperature overnight. The mixture
was partitioned between water and EtOAc. The organic layer was dried
over MgSO4, filtered, and concentrated. The resulting residue was
purified by silica gel chromatography (50% EtOAc in heptane to 100%
EtOAc) to provide the title compound as a tan solid (690 mg, 89%).
1H NMR (400 MHz, CDCl3) δ 0.68 (q, 6 H), 1.05 (t, J = 7.9 Hz, 9
H), 1.19 (qd, J = 12.3, 4.5 Hz, 2 H), 1.41−1.53 (m, 1 H), 1.54−1.62

Figure 8. Brain lipid profile for mice treated with PF-7845, SA-57, or vehicle at indicated doses (0.125−12.5 mg kg−1, i.p.) for 2 h. *, P < 0.05; **, P
< 0.01; ***, P < 0.001 for vehicle-treated versus inhibitor-treated mice. Data are presented as means ± SEM, n = three mice per group.
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(m, 2 H), 1.77 (d, J = 12.5 Hz, 2 H), 2.57−2.67 (m, 2 H), 2.70−2.86
(m, 2 H), 2.88 (d, J = 4.9 Hz, 3 H), 4.04−4.27 (m, 2 H), 4.52−4.69
(m, 2 H), 6.06 (bs, 1 H), 7.07−7.14 (m, 2 H), 7.38−7.42 (m, 2 H);
MS (APCI) M+ = 443.2.
2-(Methylamino)-2-oxoethyl 4-(4-ethynylphenethyl)piperidine-1-

carboxylate (SA-57yne). 2-(Methylamino)-2-oxoethyl 4-(4-
((triethylsilyl)ethynyl)phenethyl)piperidine-1-carboxylate (690 mg,
1.56 mmol, 1.0 equiv) was dissolved in THF (10 mL) and cooled
in an ice bath. TBAF (1.72 mL of 1.0 M solution in THF, 1.72 mmol,
1.1 equiv) was added, and the reaction was stirred at 0 °C for 1 h. The
mixture was partitioned between water and EtOAc. The organic layer
was dried over MgSO4, filtered, and concentrated. The resulting
residue was purified by silica gel chromatography (20% acetone in
heptane to 50% acetone in heptane) to provide SA-57yne as a white
solid (194 mg, 38%). 1H NMR (400 MHz, CDCl3) δ 1.12−1.26 (m, 1
H), 1.39−1.53 (m, 1 H), 1.55−1.64 (m, 1 H), 1.77 (d, J = 11.5 Hz, 1
H), 2.61−2.71 (m, 1 H), 2.72−2.86 (m, 1 H), 2.88 (d, J = 5.1 Hz, 1
H), 3.05 (s, 1 H), 4.03−4.26 (m, 2 H), 4.49−4.67 (m, 2 H), 6.06 (bs,
1 H), 7.13 (d, J = 8.2 Hz, 1 H), 7.42 (d, J = 7.8 Hz, 1 H); 13C NMR
(150 MHz, CDCl3) δ 25.9, 31.6, 32.1, 32.8, 35.2, 37.8, 44.4, 64.2, 76.7,
83.6, 119.5, 128.3, 132.2, 143.2, 154.0, 168.7; MS (APCI) M+ = 328.8.
Synthesis of PF-7845yne. tert-Butyl 4-(3-((5-((5-

(trimethylsilyl)pent-4-yn-1-yl)oxy)pyridin-2-yl)oxy)benzylidene)-
piperidine-1-carboxylate. To a solution of tert-butyl 4-(3-((5-
hydroxypyridin-2-yl)oxy)benzylidene)piperidine-1-carboxylate
(0.8 g, 2.09 mmol; see Example 47 in WO 2008/047229)54 in
DMF (5 mL) was added 5-trimethylsilyl-4-pentyn-1-iodide
(0.696 g, 2.6 mmol), K2CO3 (0.57 g, 4.18 mmol), and 18-
crown-6 ether (0.87 g, 4.18 mmol) at room temperature. The
reaction mixture was stirred at room temperature overnight.
The mixture was diluted with water (10 mL), and the mixture
was extracted with ethyl acetate. The organic layer was washed
with water and brine, dried over Na2SO4, and concentrated
under reduced pressure. Purification by silica gel column
chromatography (1:4 acetone/hexanes) afforded the pure title
compound (0.7 g, 64%). 1H NMR (500 MHz, CDCl3) δ 7.88
(d, J = 2.5 Hz, 1 H), 7.29 (d, J = 8.1 Hz, 2 H), 6.97 (d, J = 7.8
Hz, 1 H), 6.91 (d, J = 9.6 Hz, 2 H), 6.85 (d, J = 8.8 Hz, 1 H),
6.32 (s, 1 H), 4.06 (t, J = 6 Hz, 2 H), 3.49 (s, 2 H), 3.39 (s, 2
H), 2.43 (t, J = 6.9 Hz, 4 H), 2.31 (s, 2 H), 1.97 (t, J = 6.4 Hz, 2
H), 1.47 (s, 9 H), 0.14 (s, 9 H).
tert-Butyl 4-(3-((5-(pent-4-yn-1-yloxy)pyridin-2-yl)oxy)-

benzylidene)piperidine-1-carboxylate. To a solution of tert-butyl 4-
(3-((5-((5-(trimethylsilyl)pent-4-yn-1-yl)oxy)pyridin-2-yl)oxy)-
benzylidene)piperidine-1-carboxylate (0.7 g, 1.34 mmol) in dry THF
(4 mL) cooled to 0 °C was added TBAF (3.8 mL, 13.4 mmol)
dropwise. The mixture was stirred for 30 min. The reaction was
concentrated, and the residue was partitioned between saturated
NaHCO3 solution and CH2Cl2. The organic layer was dried over
Na2SO4 and concentrated to give the title compound (0.6 g, 98%
yield).
5-(Pent-4-yn-1-yloxy)-2-(3-(piperidin-4-ylidenemethyl)phenoxy)-

pyridine. To a solution of tert-butyl 4-(3-((5-(pent-4-yn-1-yloxy)-
pyridin-2-yl)oxy)benzylidene)piperidine-1-carboxylate (0.68 g, 1.33
mmol) dry CH2Cl2 (3 mL) cooled to 0 °C was added TFA (1 mL,
13.3 mmol) dropwise. The mixture was stirred for 30 min. The
reaction was concentrated, and the residue was partitioned between
saturated NaHCO3 solution and CH2Cl2. The organic layer was dried
over Na2SO4 and concentrated to give the title compound (0.53 g,
99% yield). MS (APCI) M+ = 421.2.
4-(3-((5-(Pent-4-yn-1-yloxy)pyridin-2-yl)oxy)benzylidene)-N-(pyri-

dazin-3-yl)piperidine-1-carboxamide (PF-7845yne). To a solution of
5-(pent-4-yn-1-yloxy)-2-(3-(piperidin-4-ylidenemethyl)phenoxy)-
pyridine (0.26 g, 0.746 mmol) and phenyl pyridazinyl carbamate (0.16
g, 0.746 mmol) in DMSO (3 mL) was added triethylamine (0.3 mL),
and the reaction mixture was stirred for 12 h at room temperature.
The reaction mixture was diluted with water and extracted with ethyl
acetate. The organic layer was washed with water, dried over Na2SO4,
and concentrated. Purification by silica gel column chromatography
(2:5 acetone/hexanes) afforded the pure title compound (0.225 g,

64%). 1H NMR (500 MHz, CDCl3) δ 8.77 (s, 1 H), 8.40 (s, 1 H),
7.89 (s, 1 H), 7.46 (t, J = 4.5 Hz, 1 H), 7.29 (m, 2 H), 6.98 (d, J = 7.5
Hz, 1 H), 6.92 (m, 2 H), 6.87 (d, J = 8.75 Hz, 1 H), 6.40 (s, 1 H), 4.08
(t, J = 5.75 Hz, 2 H), 3.70 (m, 2 H), 3.59 (m, 2 H), 2.60 (d, J = 5.2 Hz,
2 H), 2.47 (m, 2 H), 2.40 (t, J = 6.6 Hz, 2 H), 1.99 (m, 3 H); 13C
NMR (125 MHz, CDCl3) δ 157.5, 156.6, 155.2, 151.8, 138.7, 137.5,
133.7, 129.4, 128.2, 126.8, 125.0, 124.6, 120.6, 118.4, 112.52, 83.1,
69.1, 67.3, 45.7, 44.6, 35.8, 29.1, 28.1, 15.1; MS (APCI) M+ = 470.2.

Preparation of Mouse Brain Proteomes from Inhibitor-
Treated Mice. Inhibitors were intraperitoneally administered to
C57Bl/6J mice in a vehicle of ethanol/emulphor/saline (1:1:18), and,
after the indicated times, the animals were anesthetized using
isoflurane and sacrificed by decapitation and tissues were immediately
dissected. Mouse brains were harvested, hemisected, and frozen in
liquid N2. Each half brain was washed with cold phosphate-buffered
saline at 0 °C (2 × 1 mL) to remove excess blood and immediately
dounce homogenized in PBS (1 mL). Dounced tissue was sonicated
and centrifuged (1000g, 10 min, 4 °C) to remove cellular debris. The
supernatant was centrifuged at high speed (100 000g, 45 min, 4 °C) to
separate membrane and soluble cell components. The supernatant was
saved as the soluble fraction. The remaining pellet was gently washed
with cold PBS (2×, 500 μL) and sonicated in PBS (300 μL) to
resuspend. Total protein concentrations of the soluble and membrane
fractions were determined using the Bio-Rad DC Protein Assay kit.
Proteomic mixtures were either diluted to 1.0 mg/mL total protein
concentration with PBS for immediate use or aliquoted and stored at
−80 °C. The studies were performed with the approval of the
Institutional Animal Care and Use Committee at The Scripps
Research Institute in accordance with the Guide for the Care and
Use of Laboratory Animals.

Recombinant Expression of Human and Mouse FAAH,
MAGL, and ABHD6 in HEK293 Cells. All forms of serine hydrolases
(mFAAH, hFAAH, mMAGL, hMAGL, and mABHD6) were ex-
pressed according to previously reported methods.43 Full-length
cDNAs encoding mouse and human FAAH, MAGL, and ABHD6
were subcloned into pcDNA3 (Invitrogen). HEK293 cells were grown
to approximately 70% confluence in 100 mm dishes using complete
medium (DMEM with L-glutamine, nonessential amino acids, sodium
pyruvate, and FCS) at 37 °C and 5% CO2. To each dish containing
HEK293 cells was added 4 μg of appropriate cDNA or empty vector
control (“mock”) and 12 μL FuGene 6 solution (Roche Applied
Science). Cells were harvested 48 h later by aspirating off media,
washing twice with PBS, and scraping. Cells were spun (1400 rpm, 3
min), supernatant removed, and cells reconstituted in 500 μL PBS.
Cell lysates were diluted to 0.1 mg/mL protein concentration for use
in competitive ABPP experiments.

In Vitro Competitive ABPP with FAAH Inhibitors. Membrane
or soluble proteomes (50 μL, 1.0 mg/mL total protein concentration)
were preincubated with varying concentrations of inhibitors at 37 °C.
After 30 min, FP-Rh (1.0 μL, 50 μM in DMSO) was added, and the
mixture was incubated for another 30 min at 37 °C. Reactions were
quenched with SDS loading buffer (50 μL, 4×) and run on SDS-
PAGE.

In Vitro CC ABPP with FAAH Inhibitors. Click chemistry
labeling of PF-7845yne and SA-57yne-labeled targets with Rh−N3 was
performed according to previously reported methods.32 Briefly, CuSO4

(1.0 μL/reaction, 50 mM in H2O), TBTA (3.0 μL/reaction, 1.7 mM
in DMSO/t-BuOH [1:4]), TCEP (1.0 μL/reaction, 50 mM in H2O
[freshly prepared]) and Rh−N3 (1.0 μL/reaction, 1.25 mM in DMSO)
were premixed. This click reagent cocktail (6.0 μL) was immediately
added to brain proteomes (50 μL, 1.0 mg/mL protein concentration)
from inhibitor or vehicle treated mice, and the reaction stirred by
briefly vortexing. After 1 h at room temperature, reactions were diluted
with SDS loading buffer (50 μL, 4×) and immediately run on SDS-
PAGE.

Measurement of Brain Lipids. Brain lipid levels were determined
according to previously reported methods.22
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